INTRODUCTION
Coronary artery bypass grafting (CABG) and percutaneous coronary intervention (PCI) are established methods of mechanical revascularisation for coronary artery disease, yet their comparative effectiveness in terms of long-term clinical outcomes and costeffectiveness remains unclear. [1] [2] [3] PCI is a less invasive method than CABG and initially involved the use of balloon angioplasty in the 1980s followed in the 1990s by the introduction of coronary artery stents. Bare metal stents (BMS) were used initially, and in Western Australia (WA), these were largely replaced by drug-eluting stents (DES) from mid-2002. DES devices have a slow-release drug with antimitotic drug properties embedded in the stent matrix to reduce the risk of stent restenosis compared with BMS. Collectively, CABG and PCI are referred to as coronary artery revascularisation procedures (CARP).
A major disadvantage of PCI compared with CABG is its higher rates of repeat
Strengths and limitations of this study
▪ A comparison of trends for a minimum of 6-year clinical outcomes following bypass surgery, bare metal stents and drug-eluting stents will be the first such study in the total coronary artery revascularisation population. ▪ Linkage of routinely collected state-wide health administrative data with clinical registries allows the ascertainment of accurate and complete data on long-term outcomes for the cohort. ▪ This study avoids many limitations of clinical trials including restricted patient samples, short follow-up periods and relatively small numbers, and will provide valuable information about patients typically excluded from clinical trials. ▪ Given that this is an observational cohort study, there is potential for bias due to the nonrandomised assignment to a treatment, but this will be addressed through propensity score methods.
revascularisation due to restenosis in treated vessels, and this has contributed to the rise in CARP rates. Repeat procedures within 12 months were required in about 30% of balloon angioplasty cases, compared with 15% for BMS and 5% for DES procedures. 4 5 Pivotal clinical trials have shown superiority at 12 months for DES over BMS in reducing in-stent restenosis and hence target vessel revascularisation (TVR: treatment of the same vessel that was treated previously). 6 7 Concerns about the long-term safety of DES were raised with several reports at the European Society of Cardiology meeting in 2006 suggesting increased late mortality possibly due to late stent thrombosis. 6 7 A later report from a large registry study in Sweden (SCAAR study group) noted similar findings.
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Subsequent studies applying uniform definitions for late stent thrombosis from the Academic Research Consortium 9 suggested a slight increase in risk for stent thrombosis beyond 1 year (very late stent thrombosis) for DES, but no increase in overall stent thrombosis or mortality rates. 8 10-12 Parallel results from multiple large registries, including a more complete follow-up from the Swedish registry, have also indicated no increase in mortality for DES compared with BMS. [13] [14] [15] However, the issue of very late stent thrombosis remains a concern. 16 Despite the worldwide use of DES in millions of patients to reduce the risk of TVR, little is known of the rates and risk factors for late stent thrombosis and how these vary over time. Complicating the real-world impact of very late stent thrombosis associated with DES is the widespread use of DES in off-label situations, variation and duration of antiplatelet therapy and inadequate follow-up periods in clinical trials to quantitate the risk of early stent thrombosis (≤30 days), late stent thrombosis (31-365 days) and very late stent thrombosis (>1 year). It also appears that the mechanisms leading to very late stent thrombosis are distinct from those responsible for early or late stent thrombosis. 17 First generation DES releasing sirolimus or paclitaxel have a steady annual risk of stent thrombosis of 0.3-0.6% per year for at least 5 years. 16 18 19 CARP constitute a significant component of the health costs of coronary heart disease (CHD), which consumes approximately 3% of total healthcare expenditure in Australia. 20 While the efficacy of CARP has been demonstrated through clinical trials and meta-analyses, the impact of advances in CARP on the adverse long-term outcomes of cardiovascular disease (CVD), health service utilisation, health costs and cost-effectiveness has not been assessed in the population. Nor have advances in revascularisation technology, particularly DES, been evaluated in terms of clinical outcomes and cost-effectiveness within the total population undergoing coronary revascularisation.
Assessment of the comparative effectiveness and outcomes in populations undergoing CARP from case series, registries and randomised controlled trials (RCTs) is difficult and the generalisability of results to the general population can be problematic. Most studies examine either PCI or CABG, although in some cases direct comparisons between different revascularisation procedures are carried out. 1 21 22 Results from RCTs frequently suffer from poor generalisability because of the highly selective nature of patients who participate in trials. Many RCTs exclude patients with cardiogenic shock, left main coronary artery disease, concomitant valvular disease and severe complex lesions, unsuitable for stenting, but who would have benefited from surgery. 23 24 To a large extent, these studies exclude patients with more severe CHD who have shown a survival benefit from surgery, effectively biasing these trials against the prognostic benefit of CABG. 25 Furthermore, despite evidence of the continued risk of stent thrombosis and other long-term adverse events, many clinical trials have short follow-up periods of insufficient length to capture important clinical events. In addition, pivotal RCTs that have informed clinical decision-making have relatively small sample sizes and were underpowered to detect rare events such as stent thrombosis.
The WA Data Linkage System 26 provides a unique opportunity to examine the long-term outcomes of CARP in a large population by linking routinely collected statewide health administrative data with clinical registries for all CARP performed in WA. We will assess the long-term comparative effectiveness of CARPs in the total population of patients undergoing revascularisation procedures. We will also examine the costs and cost-effectiveness of CARP in the context of a wide range of covariates. 
OBJECTIVES

METHODS
Study cohorts
In WA ( population 1.95 million in 2003), CARP are performed exclusively in three adult teaching hospitals and four private hospitals, all located in the Perth metropolitan area. We have previously collected a detailed data set on all patients who had a CARP at any of these seven hospitals during 2000-2005 for a study evaluating the impact of the introduction of DES on short-term outcomes following CARP. 27 The current study runs from 2011 to 2015 and will use this cohort (WACARP cohort) to obtain data on outcomes and costs from long-term follow-up to be applied in analyses of clinical outcomes and cost-effectiveness. The WACARP cohort consists of 19 014 patients who had 21 175 procedures (5746 CABG and 15 429 PCI) during 2000-2005 (see table 1 ).
The Hospital Morbidity Data Collection (HMDC) is one of the core data sets of the WA Data Linkage System 26 and consists of all admissions to every hospital in WA (public and private) since 1980. Diagnoses and procedures are coded on discharge using the International Classification of Diseases (ICD) manuals, and represent discharge diagnoses rather than presenting conditions. Coding at discharge is a distinct advantage in that the use of admission diagnosis to define an admission as CHD-associated is problematic since patients often have diagnoses that change during admission as a result of additional clinical consideration and investigation. We have obtained from the HMDC an extract of all cardiovascular admissions since 1980. The PCI and CABG admissions in the WACARP cohort were identified from this extract using procedure codes from the ICD 10th revision Australian Modification (ICD-10-AM). Codes were: (1) 35304-00, 35305-00 (balloon angioplasty); (2) blocks 669 and 671 (angioplasty with stents) and (3) blocks 672-679 (CABG).
The WACARP cohort has been linked to all corresponding records in the HMDC cardiovascular extract and the linkage will be used to identify the first (index) admission for PCI or CABG in the cohort during 2000-2005 by applying a fixed lookback period of 10 years. Any person in the WACARP cohort who has an admission for PCI or CABG in the previous 10 years will be excluded to produce the Index WACARP Cohort. Index cases will be classified as either PCI (BMS or DES) or CABG. If a patient had both a PCI and CABG in their index admission, we will classify them according to which procedure came first. All patients in the cohort will be followed identically regardless of CARP status. Patients who were non-WA residents (identified by residential postcode from the HMDC) will be excluded from the index cohort.
In addition, the HMDC extract of cardiovascular admissions will allow us to identify the total cohort of people aged from 25 years ever admitted to hospital with a discharge diagnosis of CHD (ICD-9-CM codes 410-414, ICD-10-AM codes I20-I25) in any diagnosis field in the period 1980-2010 (Total CHD cohort).
Data sources and ongoing collection of outcome and covariate variables
This study is adding to data collected previously for the WACARP cohort in order to assess long-term outcomes following a CARP. Data will come from both clinical sources (eg, registries) and from the WA Data Linkage System (HMDC extract of cardiovascular admissions and death record). Clinical data for PCI procedures are being obtained from the seven CARP hospitals. These include electronic data from registries maintained by cardiology departments at the three teaching hospitals (collection completed), as well as the ongoing data collection from medical notes of the private hospitals. Electronic clinical data for the CABG cases have been obtained from registries maintained by departments of cardiothoracic surgery and anaesthesia ( perfusion) at the teaching hospitals. Information about CABG performed privately (40%) was unable to be obtained. Missing or inconsistent data from electronic sources were queried with data custodians from the corresponding hospital, and amended where possible. All of these data sets (electronic and notes) will be linked to their corresponding HMDC and death records using the patient's unique medical record number and procedure date as the linkage fields.
Clinical details of PCI procedures from private hospitals are collected from billing sheets, medical notes (hospital and/or cardiologist notes), the radiographer's journal, nursing intervention records, as well as the cardiologist's procedure notes. The aggregated minimum data set of PCI and CABG cases includes: residential postcode, age, gender, admission and discharge dates, type of hospital, type of admission, discharge diagnosis and procedure codes (for current diagnosis and medical history including 
Follow-up and outcomes
Outcomes will be ascertained from a combination of HMDC and death records, hospital notes and electronic sources stated above. Follow-up events over 6 years for index CARP cases will include: (1) death (CVD and all-cause); (2) hospital admission for myocardial infarction (MI); (3) hospital admission for TVR; (4) hospital admission for stroke; (5) composites: death or MI, death or TVR, death or MI or TVR, death or MI or TVR or stroke and (6) stent thrombosis according to the Academic Research Consortium definition. 9 For index PCI cases, a TVR end point is defined as a subsequent PCI procedure in the same vessel as in the index PCI (as identified from clinical data from notes or electronic sources), or as any subsequent CABG procedure (identified from HMDC), whichever was first. For index CABG cases, a TVR end point is any subsequent PCI or CABG procedure (identified from HMDC). Two analyses will be undertaken. For the first, follow-up will cease on the date of an outcome/end point within 6 years of the index date or at the end of the 6-year period. Patients will be censored if the outcome does not occur during follow-up. A separate analysis will be performed using as much follow-up time as is available to 12 years.
Stent thrombosis
Our large number of PCI cases (n=15 429) will allow evaluation of the frequency and predictors of early (≤30 days), late (31 days to 1 year) and very late (>1 year) 9 stent thrombosis and its impact on mortality and MI outcomes for BMS compared with DES. Follow-up for very late stent thrombosis will be for at least 6 years and up to 12 years. Cases to review will be identified from the linked HMDC and death data sets. Data to determine the presence of stent thrombosis will be collected by cardiology fellows/trainees from angiogram films stored electronically or in medical notes at each of the seven hospitals mentioned previously and entered into an online database. Stent thrombosis will be classified as definite, probable, possible and not present according to the Academic Research Consortium definition. 9 Comorbidities The HMDC will be used to identify previous admissions within 5 years of the index CARP where the discharge diagnosis was recorded as MI, stroke, diabetes, renal failure, congestive heart failure, peripheral vascular disease or chronic obstructive pulmonary disease in any diagnosis field. Similarly, a Charlson comorbidity score 28 will be calculated as a composite measure of comorbidity for each index case by applying a fixed 5-year lookback period using the HMDC. We will use the Dartmouth-Manitoba ICD code assignments 29 in calculating the Charlson score based on the original 17 Charlson comorbidities.
Socioeconomic status and residential location
The HMDC includes variables for measuring socioeconomic status and residential remoteness by supplying values for Socio-Economic Indexes for Areas (SEIFA) 30 and the Accessibility/Remoteness Index of Australia (ARIA+) 31 based on census years beginning from 1996. These are derived from the residential address and the SEIFA will be used to measure quintiles of socioeconomic disadvantage, while ARIA+ will be used as a measure of geographical disadvantage grouped into five categories (major cities, inner regional, outer regional, remote and very remote).
Estimation of resource use and costs
Only direct health system costs will be considered, to reflect the perspective of the health sector, 32 including hospital admissions and selected medical treatments shown to be protective against adverse CVD events in clinical trials. Resource costs have been obtained from teaching hospitals for individual patient admissions and include ward costs; pharmaceuticals; procedural costs; and intensive care, theatre and staff salaries. In addition, the HMDC includes the Australian Refined Diagnosis Related Group (AR-DRG) code for each admission. From this, we can obtain the corresponding AR-DRG cost, 33 which is the average cost of admissions with the same AR-DRG. Kaplan-Meier survival curves will be used to compare time to outcome events in the Index WACARP Cohort. Log-rank statistics will be used to test for crude differences. Cox proportional hazards regression models will be used to compare groups after adjustment for covariates including: (1) age; (2) sex; (3) Charlson score, and previous comorbidity (as separate binary variables) for any form of CVD, diabetes, chronic renal failure and chronic obstructive pulmonary disease noted in the 5 years prior to the index admission; (4) diagnosis at index admission (MI, not MI); (5) type of index admission (booked, emergency); (6) type of hospital at index admission ( public, private); (7) (15) use of cardioprotective drugs. Adjusted Cox survival curves for comparison groups will be plotted from outputs of the Cox regression models using the mean for continuous covariates and the value of the reference level for categorical covariates.
General data analysis
In addition to standard confounder adjustment in Cox regression models, we will also adjust for covariates using propensity score methods 34 to assess the sensitivity of the group comparisons (ie, the estimated HRs) to the form of adjustment for covariates. Standard confounder adjustment may not work well when there is little overlap in distribution of covariates across comparison groups. Adjustment for propensity score performs better in these circumstances. Any variable that may be associated with the propensity of a treatment being selected will be identified via logistic regression methods and the propensity score for each patient obtained from the fitted logistic model. Once the propensity scores have been calculated, outcomes will be analysed by Cox proportional hazards regression with the propensity score and treatment group as independent variables in the model.
Economic analyses
The effect of total CARP and procedure type (CABG, balloon angioplasty, BMS, DES, coronary angiography, no procedure) within 90 days of the date of first admission will be examined on subsequent 6-year costs in the index WACARP cohort. Health costs and health service utilisation will be classified as initial (occurring in the first 90 days) and long-term (>90 days to 6 years). The 90-day initial episode will allow for readmissions for booked procedures from the initial clinical event. Previous research has shown that approximately 95% of CARP performed within 1 year of MI occur within 90 days. 35 Costs will be further characterised as: (1) cardiac (or complications related to treatment); (2) other CVD and related conditions (diabetes, renal disease, chronic obstructive pulmonary disease) and (3) not CVD or related conditions.
Age-specific trends in first admissions for CHD will be analysed to determine the extent to which overall health utilisation and health cost are attributed to changes in incidence and survival over time. Trends in the prevalence of CARP by age, sex, diagnosis and procedure at 90 days in the population which had a CHD-related admission during 2000-2005 will also be determined to investigate changes in patient selection.
Cost analysis will be undertaken to explore the cost profiles of different service provision, and to assess the impact of parameters such as diagnosis, age, sex, socioeconomic status, Aboriginality, hospital type ( public or private), admission type, cardioprotective drug therapy and comorbidity on the total cost of care. This will guide stratification of the cohort into meaningful subgroups for more detailed analyses. Costs will be adjusted to 2013 dollars by inflating the costs from previous years using the corresponding Health Price Index obtained from the Australian Institute of Health and Welfare. Costs and outcomes compared across differing time periods will be adjusted for time preference using a 3% discount rate. Sensitivity analyses will investigate varying discount rates of 0% and 5%.
In general, costs are difficult to analyse alongside other parameters such as disease severity and age because of: (1) the distribution of data (data are usually skewed, with a few patients accounting for a disproportionate share of the total cost); (2) problems in dealing with censored data ( patients who die do not continue to incur costs) and (3) the nature of cost accrual, which is irregular and may depend on different factors at different times. Owing to these issues, the initial analysis of costs will use mean and median values compared by stratifying on important variables including age, sex, disease severity and Charlson score. More sophisticated models including generalised linear models (GLMs) and Cox proportional hazards regression will be used to adjust for covariates and produce results that are directly interpretable (ie, not log results that have to be back-transformed). Cox models have been used for economic analyses since cost distributions are frequently complex and difficult to describe parametrically. 36 Cox proportional hazards models make no parametric assumptions about the specific error distribution. Furthermore, if a patient dies prior to hospital discharge and complete costs are not obtained, the patient will be censored in the model. Although Cox proportional hazards models can deal with both censored and complex cost distributions, irregular cost accrual may lead to bias in survival estimates. Even though the bias may be small, its magnitude cannot be estimated. 36 GLMs have recently been introduced in cost data analysis and will be the main models, with appropriately specified GLMs modelling the error structure of cost data more closely. 37 GLMs are particularly attractive for regression of cost data because they provide parametric methods of analysis where a variety of non-normal distributions can be specified and the way covariates act can be altered. GLMs are also advantageous because they make inferences about mean costs directly as is appropriate for health economic decision-making.
Incremental cost-effectiveness ratios (ICERs) will be compared between groups and across measures of severity of disease, and adjusted for age, comorbidity and other covariates at the index admission. Since cumulative costs and effects for CARPs are dependent on the time interval under consideration, costs and effects will be ascertained for a range of time periods: 0-90 days (initial costs), 91 days to 1 year in 90-day survivors, 1-6 years in 1-year survivors and for total 6-year costs. Follow-up of 6 years will capture the most relevant longterm costs and effects of the two procedures. Modelling will be used to extrapolate results to arrive at lifetime cost-effectiveness estimates.
Sensitivity analysis and acceptability
The robustness of results of the cost-effectiveness analyses to parameter uncertainty will be examined using probabilistic sensitivity analysis incorporating bootstrapping, since it is more powerful than deterministic sensitivity analysis. 38 Bootstrap methods will be used to estimate the joint distribution of cost and effectiveness differences, and the proportion of replicates with ICERs less than commonly accepted benchmarks applicable to Australia will be presented. Scatterplots showing the joint distribution of incremental costs and incremental effects between comparison groups for each of the main outcomes will be calculated. In line with recommendations by the National Institute for Clinical Excellence, ICERs will also be summarised using acceptability curves. 39 These represent the probability (ie, proportion of simulations) that a given intervention is more cost-effective than alternative(s) for a range of maximum thresholds of willingness to pay for an additional outcome measure.
Dissemination
All findings will be presented at local, national and international healthcare/academic conferences and published in peer-reviewed journals. Relevant findings will also be disseminated through the clinical networks of the cardiologists on the research team.
DISCUSSION
This study addresses two significant issues about the impact of increasing and changing coronary artery revascularisation technology. First, the population analysis of clinical outcomes and cost-effectiveness comparing specific CARP technologies will be of particular interest to clinicians. The second, which examines the costs and possible savings attributable to CARP in the context of a wide range of environmental and medical factors that affect the cost of CARP, will interest medical decisionmakers. Studies such as ours are limited to the few jurisdictions in which population medical record linkage is possible. As revascularisation technologies in Australia during the study period were the same as those available in other countries, the results of our population analysis will be applicable in other jurisdictions throughout the world.
While randomised clinical trials indicate that DES have short-term clinical and health service advantages over BMS, DES are more expensive and their use may therefore be restricted in practice. Moreover, there are still unresolved questions about the possible longer term complications of DES and whether the initial (1-year) benefits of DES are sustained over the longer term. The future of CABG procedures, which have been declining in absolute and relative terms compared with PCI over many years, is also unclear. Finally, there has been no population assessment of the impact of rapid increases in concomitant medical treatment on outcomes of CARP.
This study will compare trends in clinical outcomes following CABG, BMS or DES in a total CARP population over 6 years and up to 12 years. It will use an existing large cohort of >19 000 patients treated with CARP to show if improved outcomes in one or more of the CARP types will translate into benefits for the total population of recipients and the healthcare sector. The inclusiveness of our cohort (all CARP) and complete ascertainment of data on outcomes and end points during follow-up is a major strength of this study. The ability to link procedural and clinical data with routinely collected administrative data through the WA Data Linkage System allows identification of comorbid conditions and outcome data that are continuously updated.
International studies of the role of technology on rapidly increasing healthcare costs have paid particular attention to the cost implications of new CARP technologies in CHD. However, while the short-term costs of CARP in CHD can be readily determined, there have been no previous studies of the long-term population impact of such advances in treatment on subsequent health service cost and utilisation. This study will help define the optimal revascularisation strategy for patients in the general population. Important preplanned subgroup analysis will also provide valuable guidance on the comparative effectiveness of PCI and CABG.
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